Abstract: Synthetic polymers and dendrimers have been widely used by the medical community to overcome biological barriers and enhance in vivo biomedical applications. Despite the widespread use of biomaterials it has been generally extremely difficult to monitor noninvasively their fate in vivo. Here we report multilayered nanoprobes, consisting of a near-infrared core, nanoencapsulated in a biodegradable dendrimer, and surrounded by a shell of polyethylene oxide. Covalent encapsulation of the near-infrared fluorophores in the dendritic scaffold conferred enhanced stability to the nanoprobe with added resistance to enzymatic oxidation and prolonged blood residence time. Insight into the time course of biodegradation of the dendritic aliphatic polyester nanoprobe was gained using noninvasive whole body in vivo fluorescence lifetime imaging. As the dendritic shell biodegrades the NIR probe becomes exposed, enabling monitoring of fluorescence lifetime changes in vivo.
Introduction
Over the past decade, the medical community has made widespread use of synthetic polymers and dendrimers to overcome complex biological barriers and enhance in ViVo imaging, 1,2 drug delivery, 3 gene therapy 4 and tissue engineering. 5 Dendrimers are highly branched macromolecules that have a structural precision approaching that of proteins; 6, 7 their globular structure provides a specific nanoenvironment * To whom correspondence may be addressed. J.M.J. that surrounds a functional core thereby affecting its molecular properties. 8 The structural features and multivalency of dendrimers translate especially well into pharmacology, and have led to great promise in drug delivery. 9 Aliphatic polyester dendrimers based on the monomer 2,2-bis(hydroxymethyl)propanoic acid (bis-HMPA) [10] [11] [12] have low toxicity, low immunogenicity, and a biodegradable structure that makes them especially appealing for applications in biotechnology.
13, 14 We envisioned that labeled dendrimers might well be suitable for the noninvasive reporting of the in ViVo degradation of this class of aliphatic polyester dendrimers. Radioactive tracers are commonly attached to pharmaceuticals to monitor their biodistribution and elimination after injection. A potential limitation of this strategy is that the radiotracer can become separated from the molecule of interest at any time after injection. This separation cannot be detected through noninvasive means. The same is true for optically active (fluorescent) contrast agents in general when using near-infrared (NIR) fluorescence intensity for detection. Near-infrared light can pass through the skin, without damaging tissue, and with minimal absorption by water, hemoglobin, oxygenated hemoglobin, fat, and melanin.
15,16 Additionally, fluorescence from intrinsic tissue components (autofluorescence) is low in the NIR region, resulting in higher signal to background ratios. 16 The use of fluorescence lifetime in cellular and molecular biology, and in single molecule spectroscopy is rapidly expanding, because it utilizes the environmentally sensitive characteristics of excited-state decay. Therefore, the excited states of certain NIR fluorophores are greatly influenced by their local environment, 17 while remaining independent of the factors that impact fluorescence intensity imaging such as photobleaching and light path length. 18 Fluorescence lifetime  measurements have been used to provide access to functional  informationonbiomolecules,  19,20 tissuemicroenvironments,   18,21 and, to a much lesser extent, on living animals. [22] [23] [24] We hypothesized that fluorescence lifetime imaging (FLI) of the fluorescent reporter encapsulated within a dendritic nanoparticle would enable the noninvasive in ViVo monitoring of the degradation of nanoparticle itself.
Herein, we describe the preparation of biodegradable aliphatic polyester dendritic nanoprobes decorated with a shell of polyethylene oxide (PEO) and a core consisting of a NIR fluorophore. We used whole body in ViVo FLI to shed light on the biodegradation of these dendritic NIR nanoprobes. Changes in the decay characteristics of the fluorescent reporter without alteration of the fluorescence intensity enabled us to monitor the progressive biodegradation of the nanoprobes as well as their elimination from the body, a feat not currently possible with radioactive tracers.
Results and Discussion
We use the core of a third generation polyester dendrimer, possessing eight orthogonally protected branching sites, to covalently nanoencapsulate cypate, 25 a polymethine dye articles Almutairi et al. related to indocyanine green (ICG), an FDA approved contrast agent for optical imaging. Cypate is capable of absorption and emission in the narrow tissue transparency window (750-850 nm), and has been functionalized with high affinity peptides 26 and applied to optical molecular imaging of living animals. 22, 27 The cypate was encapsulated in a biodegradable polyester 9 dendrimer to both dictate fluorescence lifetime properties and prevent its aggregation (see Figure 1 for the synthetic scheme). The peripheral binding sites of the dendrimer were then used to graft eight polyethylene oxide (PEO) chains that are known to impart biological stealth and modulate blood retention.
14 Indeed, the resulting nanoprobe, with a molecular weight of ca. 40,000 Da and a polydispersity index of 1.02, had a . This is in agreement with data from similar systems that passively target diseased tissue susceptible to the enhanced permeation and retention (EPR) effect observed in tissue injury and many types of cancer. 31 No toxic effects, including abnormal behavior or weight loss/gain, were observed during an eight-day observation period after mice were injected with 1 mg (40 mg/kg) of the biodegradable stealth NIR dendritic nanoprobe.
These NIR dendritic nanoprobes offer a favorable pharmacokinetic profile for multivalent ligand presentation. The biological stealth properties imparted by the PEO chains allow the nanoprobes to efficiently evade the reticuloendothelial system (RES) for more than 24 h after injection, leaving a significant circulating concentration. Low accumulation in healthy tissue bodes well for targeting efforts. To this end we have successfully synthesized NIR dendritic nanoprobes with heterobifunctional PEO chains ( Figure 1 ) that are amenable to labeling with ligands at the terminal ends of the PEO chains for multivalent targeting of desired tissue.
The steady state absorption and emission of these NIR dendritic nanoprobes in buffers showed substantially less aggregation than observed with cypate ( Figure 3) . Molar absorptivities remained similar and the quantum efficiencies of cypate and the NIR dendritic nanoprobes were found to be 2% and 4%, respectively, in water. However, major differences were observed in dynamic fluorescent behavior. Specifically the relaxation rate of the NIR dendritic nanoprobe was unaffected by opsonization remaining monoexponential at 0.3 ns (ns), even in the presence of albumin, a ubiquitous serum protein. On the other hand the lifetime of cypate changes from a monoexponential lifetime of 0.2 ns in aqueous solutions, to a bis-exponential decay of lifetimes at 0.47 ns, and 0.97 ns in the presence of albumin. The lifetime of the NIR dendritic nanoprobes also remains constant in solvents such as dimethyl sulfoxide (DMSO) and articles Almutairi et al. dichloromethane, while the lifetime of cypate increases to 0.9 ns of monoexponential decay in DMSO, a more hydrophobic environment better capable of stabilizing its excited state. Furthermore, we observed a significant difference in stability to enzymatic degradation between free indocyanine green (ICG) and our NIR dendritic nanoprobe. We tested ICG instead of cypate because cypate tends to agglomerate on the hydrophobic membrane of the microsomes used in this study. ICG was found to be moderately stable to degradation within one hour in pure water, as indicated by an almost horizontal emission line (Figure 4a) . After the addition of microsomes and NADPH regenerating systems, the emission of ICG immediately dropped by 30% and continued to decline through the time frame of the experiment. The absorption kinetics curve ( Figure. 4b) closely matches the emission data in Figure 4a indicating the loss of the ICG's polymethine chromophore and not emission quenching. Destruction of the chromophore apparently proceeds via an oxidative pathway catalyzed by cytochrome P450, a metabolic enzyme in liver microsomes. In contrast to ICG, and as clearly seen in Figure 4 , the NIR dendritic nanoprobes are much more stable toward enzymatic oxidation, due to the protective layer around the chromophore.
The biodegradable structure of the NIR dendritic nanoprobe can only offer this nanoenvironment independent of in ViVo or in Vitro factors until its metabolic erosion. Degradation studies on these aliphatic polyester dendrimers conducted in buffers (pH 5 and 7.4) have shown full degradation after three weeks.
14 There are few techniques for noninvasive in ViVo monitoring of the biodegradation of biomaterials, 32 and to the best of our knowledge, none using optical methods. Herein we use FLI to monitor polymer degradation kinetics in ViVo. Whole-body fluorescence lifetime maps, shown in Figure 5 , were created from timedomain whole-body fluorescence imaging at indicated time points after injection of the nanoprobes. The NIR dendritic nanoprobes have relatively homogeneous fluorescence lifetime maps. In contrast, earlier in ViVo fluorescence lifetime imaging (FLI) measurements with cypate yielded heterogeneous lifetime maps 22 ranging from 0.7-0.8 ns, with similarly heterogeneous intensity maps. 22 In ViVo fluorescence lifetime changes over a seven day period allowed us to monitor the degradation kinetics of the dendritic nanoprobe in real time. No changes in the fluorescence lifetime images over time were observed when using cypate throughout the duration of imaging. 22 We suspect the hydrolysis of this aliphatic dendrimer leads to exposure of the NIR fluorophore which is then rapidly opsonized. Opsonization of the NIR fluorophore leads to the change in fluorescent lifetime indicating the degradation of the dendritic nanoparticle.
Conclusion
In conclusion, we have found that three important advantages arise from incorporating cypate in a biodegradable dendritic scaffold: (i) Nanoprobe degradation kinetics can be monitored in ViVo by the rate of fluorescence lifetime change, while the metabolic activity of tissue and its microenvironment is probed; (ii) immediate opsonization of the contrast agent and its degradation can be prevented; and (iii) accumulation in the RES can be significantly reduced to yield a long circulating NIR contrast nanoprobe useful as a blood pool and cardiovascular system imaging agent.
Examples of biodegradable NIR imaging agents capable of prolonged blood residence times, free of nonspecific accumulation in healthy tissue, are rare. 33 Our system can function as a universal carrier for active multivalent targeting with peptides, as well as for passive targeting of diseased tissue suffering from the EPR effect, seen in cancerous and inflamed tissue. The biodegradable nature of this NIR dendritic nanoprobe enables extraction of functional information through fluorescence lifetime changes. Furthermore, this layered approach can provide a means of sensing physiological differences by changes in the fluorescence lifetimes of NIR probes the biodegradation profile of the encapsulating biomaterial. NIR fluorescence lifetime changes as a function of time could provide valuable functional information on tissue physiology, metabolism, and protein binding 34 in a site-specific and tissue specific manner.
Materials and Methods
General Methods. All reagents were purchased from Sigma-Aldrich. and used as received except for the following: pyridine, dichloromethane (DCM), tetrahydrofuran (THF), and N,N-dimethylformamide (DMF) were purchased from Fisher and purified by passing them under nitrogen pressure through two packed columns (Glass Contour) of either neutral alumina (pyridine) or activated molecular sieves (DMF, DCM, THF). Nanopure grade water was used for all aqueous formulations. N,N-Dimethylaminopyridinium ptoluenesulfonate was prepared according to the literature. Dendrimer 1 was prepared as reported.
11 Monofunctional and heterobifunctional polyethylene oxide were purchased from Nektar. Cypate was prepared as previously reported. 25 All glassware was flame dried, evacuated of air and back filled with nitrogen gas unless otherwise noted. 1 H NMR spectra were recorded on a Bruker AVB-400 MHz instrument and all 13 C NMR spectra were recorded at 125 MHz. NMR chemical shifts are reported in parts per million (ppm) and coupling constants are reported in Hertz (Hz) and calibrated against CDCl 3 (δ 7.26, 77.00) or CD 2 Cl 2 -d 6 (δ 5.32) as indicated. Matrix assisted laser desorption ionization timeof-flight (MALDI-TOF) mass spectrometry experiments were performed on a PerSeptive Biosystems Voyager-DE from PerSeptive Biosystems using a nitrogen laser (337 nm). Samples were prepared by mixing dilute solutions (∼0.1 mM) of the analyte in THF with approximately equal volumes of a 0.1 M solution of trans-3-indoleacrylic acid in THF, followed by deposition of 1 µL sample solution onto a 100-well gold plate and air drying. Extracts were dried over MgSO 4 and solvents were removed with a rotary evaporator at aspirator pressure. Chromatography was carried out with Merck silica gel for flash columns, 230-400 mesh. The solvents used for absorbance were spectroscopic grade. Size exclusion chromatography in DMF solution was carried out at 1.0 mL/min thermostatted at 35°C. The SEC system consisted of a Waters 510 pump, a Waters 717 autosampler, a Waters 486 UV/vis detector, and a Wyatt Optilab differential refractive index detector.
Synthetic Protocols. A convergent synthetic approach was adopted due to the sensitive nature of the NIR dye.
Cbz-G2-acetonide Protected (2). Cbz-2-(2-hydroxy ethoxy)-ethylene amine (1 g, 9.6 mmol), dendrimer 1 (3.6 g, 8 mmol), and DPTS (47 mg, 1.6 mmol) were dissolved in DCM (50 mL), and then DCC (1.65 mg, 8 mmol) was added. After 4 h, the reaction was done (MALDI). It was diluted with DCM (200 mL) and washed with 1 M NaHSO 4 (3 × 100 mL), 1 M NaOH (3 × 100 mL), and water (2 × 100 mL). The organic layer was dried and filtered, and the solvent was removed under reduced pressure. The desired product was purified by column chromatography using a 3:2 hexanes:EtOAc solution as the mobile phase to yield a clear colorless oil (5.3 g, 91% 
Cbz-G2-OH (3).
Cbz-G2-acetonide protected (2) (264 mg, 180 mmol) was dissolved in methanol, a spatula full of Dowex acidic resin was added, and the reaction mixture was stirred overnight. Reaction gave a single clean product by MALDI; then filtration and concentration under reduced pressure yielded a clear colorless oil (233 mg, 99%). 
(m, 5H). MALDI-TOF MS: [M + Na]
+ 610.7. Cbz-G2-BOC-Gly (4). Cbz-G2-OH (3) (74 mg, 0.126 mmol), Boc-Gly-OH (174 mg, 1.01 mmol), and DPTS (54 mg, 0.201 mmol) were dissolved in DMF (3 mL), then EDC (192 mg, 1.01 mmol) was added, and reaction mixture was stirred overnight. After 24 h, the reaction was done (MALDI, IAA). It was diluted with diethyl ether (35 mL) and washed with 1 M NaHSO 4 (3 × 25 mL), 1 M NaOH (3 × 25 mL), and water (2 × 25 mL). The organic layer was dried and filtered, and the solvent was removed under reduced pressure to yield a clear colorless oil (145 mg, 93%). + 1238.3. NH 2 -G2-BOC-Gly (5). Cbz-G2-BOC-Gly (4) (130 mg, 0.105 mmol) was dissolved in dry THF (2 mL), 20 mg of a mixture of 10% palladium on activated carbon was added, and the mixture was pressurized under a hydrogen atmosphere, stirred overnight, and monitored by MALDI. The mixture was diluted with THF and then filtered through Celite. The combined filtrate was concentrated under reduced pressure to obtain 5 as a clear, colorless oil (114 mg, 98%).
MALDI-TOF MS: [M + Na]
+ 1104.6. Didendronized Cypate-BOC-Gly (6). Cypate (4 mg, 0.006 mmol) was dissolved in dry DMF (2 mL) and cooled to 0°C, EDC was added (2.4 mg, 0.013 mmol), and the mixture was stirred for 5 min. HOBt (1.6 mg, 0.012 mmol) was added while stirring was maintained at 0°C, and the mixture was left to react for 15 min. NH 2 -G2-BOC-Gly (5) (20 mg, 0.019 mmol) was added, and the reaction was monitored by MALDI. After 2 h all the starting materials were consumed. The reaction was concentrated down and redissolved in DCM. The organic layer was washed with 1 M NaHSO 4 (3 × 15 mL), 1 M NaOH (3 x15 mL), and water (2 × 15 mL). The organic layer was dried and filtered, and the solvent was removed under reduced pressure. The desired product was purified by column chromatography using 9:1 DCM:MeOH as the mobile phase. The desired product was a dark green solid (12.8 mg, 78%) General Procedure for Grafting Polyethylene Chains on to the Dendrimers. Didendronized PEGylated Cypate (8a). Didendronized Cypate-Gly (7). A 4:1 mixture of dry DCM and TFA (2 mL) was cooled to 0°C and used to dissolve didendronized cypate-BOC-Gly (6) (25 mg, 0.009 mmol). The solution immediately turned purple and then biphasic. The reaction was monitored by MALDI and was complete after two hours of stirring. The solvents were removed under reduced pressure yielding a green solid, and taken to the next step without any further purification.
MALDI-TOF MS: [M]
+ m/z 2068.4. Didendronized cypateGly (7) was redissolved in anhydrous toluene (2 mL), and NEt 3 (10 µL). To this mixture was added NHS-PEO 5000 -BOC (400 mg, 0.076 mmol), and the mixture was vortexed to ensure proper mixing. The reaction was stirred for 36 h and monitored by SEC. A PEO standards calibration curve was established, and the predicted MW was 40,000 Da with a PDI of 1.02. Reaction was concentrated down, redissolved in nano pure water, and purified by ultrafiltration (membrane MWCO 50 kDa) to remove excess PEO chains. After freezedrying, a fluffy white powder was recovered in 90% yield (324 mg). DMF SEC showed a peak around 40,000 Da, PDI 1.02, and another at 5000 Da corresponding to the excess PEO (>1%) (see Supporting Information). Dynamic light scattering measurements were attempted on this nanoparticle to characterize its hydrodynamic volume, however, the core dye absorbed the laser light (650 nm) making it difficult to take these measurements. Nanoparticles with the same branching, chemical compositions, size exclusion chromatograms and molecular weight, were synthesized without the NIR dye and found their hydrodynamic diameters to be in the range of 7-10 nm (see Supporting Information).
Steady State Absorption, Fluorescence Emission, and Lifetime Measurements. Ground state UV/vis/NIR absorption spectra were measured on either a Cary 50 UV-vis spectrophotometer or a Shimadzu UV-vis-NIR spectrophotometer. Samples for absorbance and emission experiments were measured in standard 1 cm quartz cells. All measurements were performed at room temperature.
Stabilities of ICG and the NIR dendritic nanoprobes were assessed by monitoring (i) absorption at 780 nm and (ii) emission at 820 nm with excitation at 780 nm. In both methods, the sampling was conducted every 20 s for one hour. Emission was monitored in antibleaching mode with constant stirring, the emission signal was corrected by lamp intensity (S/R). Experiments were conducted at room temperature.
In the first set of experiments the stability of ICG (instead of cypate which tends to agglomerate on hydrophobic microsome's membrane) (3 mL) was evaluated as described above.
In the next set of experiments fresh solutions of ICG and the NIR dendritic nanoprobes in water (3 mL) were treated in the following order: with NADPH regenerating systems B (10 µL), NADPH regenerating systems A (50 µL), and a solution of rat liver microsomes (5 µL), purchased from BD Biosciences. The injections of the enzymatic mixtures were made directly into the cuvettes after ca. 5 min of initial monitoring.
Fluorescence lifetime was measured using time correlated single photon counting (TCSPC) technique (Horiba) with excitation source NanoLed 773 nm (Horiba), impulse repetition rate 1 MHz at 90°to the detector R928P detector 
Three-exponential decay equations were used for data fitting. In all cases, lifetime components with insignificant fractional contributions (f i < 3%) were discarded and decays were considered to be mono-or two-exponential if the sum of fractional contributions (f 1 or f 1 + f 2 ) was higher than 90%. I(t) is intensity as a function of time, τ i is the decay time of the component i, R i is the amplitude of the component i at t ) 0, and n is the number of components equal to 3.
f 1 and f 2 are the fractional components (%) with lifetimes τ 1 and τ 2 (ns) with amplitudes R 1 and R 2 . Animal Treatment. All animal procedures were conducted in compliance with Washington University Animal Welfare Committee's requirements for the care and use of laboratory animals in research.
For in ViWo Imaging. Mice were anesthetized with ketamine (87 mg/kg) and xylazine (13 mg/kg) via intraperitoneal injection. The nanoprobes (1 mg in PBS) were injected intravenously via lateral tail vein. In vivo mouse images were acquired with a time-domain diffuse optical tomography system (eXplore Optix, GE Healthcare) as reported in the literature. Briefly, the animals were positioned in ventral recumbency on the heated imaging platform. Images were acquired at 15 and 35 min, 1, 5, 8 and 25 h postinjection. The optimal imaging height was assured by side-view CCD camera. The 2D scanning region of interest was selected by top-view CCD. ROIs were raster-scanned for absorption at 780 nm and emission at 830 nm in 3.0 mm increments. Laser power was maintained at 0.04 µW for absorption scans. Laser power for fluorescence imaging was adjusted for optimal signal strength after probe administration.
Acquired images were analyzed with Analysis Workstation software provided by ART. Raw fluorescence data were smoothened by the program utilizing photoinformation from the absorption scan. Fluorescence lifetimes for individual data points were obtained from the temporal point-spread function (TPSF) and used to create a lifetime map by least-squares analysis fitting. The average in vivo fluorescence lifetime was determined for the whole scanning region.
Ex ViWo Biodistribution. Mice injected with the imaging dose of nanoprobes were sacrificed by cervical dislocation under anesthesia at 4 h (n ) 3), 24 h (n ) 3) and 8 days (n ) 2) after injection. Tissue samples from muscle, liver, kidney, spleen, brain, and skin were harvested and placed for fluorescence biodistribution measurement. The relative fluorescence intensities of ex ViVo organ tissues were plotted in Graphpad Prism. Biodistribution imaging of the treated mice was performed with the Kodak multimodal imaging system (IS4000MM Eastman Kodak Company, New Haven, CT). For fluorescence imaging, broadband illumination from a 150 W halogen lamp was filtered by 755/35 nm optical bandpass filter (Eastman Kodak Company, New Haven, CT) and emission captured via cooled CCD camera after 830 wide-angle long-pass filter (e830WA, Eastman Kodak Company, New Haven, CT). Excitation images were acquired with the same excitation filter, without emission filter for normalization. Fluorescence data were corrected for excitation power by dividing fluorescence images with the corresponding absorption images.
Traumatized Tissue Accumulation. Three 16-week-old male NCR nu/nu mice were anesthetized with ketamine/ xylazine cocktail as above. The right carotid artery was exposed through ventral cervical incision, blunt dissection and tissue retraction. For two control mice, the incision was closed with tissue adhesive after artery isolation. Carotid arterial injury was performed in the third mouse by stretching the common carotid artery by insertion of a beaded probe and subsequent ligation of the external carotid. In ViVo images show high uptake in the surgery site (neck) at 1 and 4 h postinjection.
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